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ABSTRACT
Plym, Alberta J. (M.S., Medicine)
Magnesium Deficiency
Thesis directed by Associate Professor Jerry K. Aikawa
This study was concerned with the effects of magnesium 
deficiency produced by dietary means in rabbits. It was designed 
to make use of recently available tools— atomic absorption 
spectrophotometry, automated instruments, a radioactive isotope of 
magnesium, and an apparatus for the in-vitro study of intestinal 
segments— in order to clarify some of the anomalous observations 
made in previous studies of magnesium deficiency; to study the 
effects of such a deficiency on other cations in a variety of 
tissues and on other constituents of blood; and to study, in the 
small intestine, in-vitro changes in magnesium, calcium, sodium, 
and potassium.
Rabbits fed a magnesium-deficient diet became moribund within 
six weeks. The initial acute stage, which lasted up to three 
weeks and was characterized by neuromuscular signs and a rapid 
decrease in the concentration of serum magnesium, was followed by 
a second stage characterized by nutritional failure and a slow 
rise in the concentration of serum magnesium.
Values for ten of twenty-eight constituents measured in the 
blood of normal rabbits were not previously available. The same 
constituents measured in the blood of rabbits that had been fed a 
magnesium-deficient diet for six weeks indicated the presence of
Ill
electrolyte imbalance and of renal and hepatic damage.
The concentrations of magnesium, calcium, sodium, and 
potassium were determined for 21 tissues in normal and magnesium- 
deficient rabbits. Information of this scope for such a variety 
of tissues had not been available previously.
In in-vitro studies employing segments of small intestine, 
radioactive magnesium moved more efficiently across the proximal 
area than across the distal area and from the mucosal to the 
serosal surface than in the opposite direction. These results 
indicate the possibility that the normal rabbit may achieve a net 
positive balance for magnesium by absorption through the proximal 
area of the small intestine. The absorption of magnesium was 
enhanced in both the proximal and the distal areas of the small 
intestine from magnesium-deficient rabbits.
There was no indication in these experiments that absorption 
of magnesium from the small intestine of rabbits occurs by a 
process other than passive diffusion.
This abstract is approved as to fom
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SECTION I 
INTRODUCTION
Little is known about the exact role played by magnesium, the 
fourth most abundant cation in the vertebrate, in the many biologic 
processes to which it appears essential. There are two reasons for 
this surprising sparsity of knowledge. One is lack of interest 
prior to the recent definition of a specific deficiency syndrome 
in human beings--even though magnesium deficiency was produced 
experimentally in animals more than 30 years ago by means of a 
magnesium-depleted diet. Subsequent studies in animals have 
confirmed the original observations concerning the clinical and 
biochemical changes produced by magnesium deficiency, but little 
new information has been added. The second major factor is the 
inadequacy of chemical methods for measuring magnesium and other 
body constituents and, until recently, the lack of a suitable 
radioactive tracer. The methods for determining magnesium lacked 
the sensitivity and the accuracy necessary for measuring the low 
concentrations present in serum and in many tissues, or for 
measuring small changes in relatively large quantities such as 
are present in bone. Another difficulty has been the lack of 
convenient methods for assaying large numbers of samples for 
various other chemical constituents possibly related to magnesium 
deficiency.
Recently more suitable tools have become available: (l)
atomic absorption spectrophotometry for specific and sensitive 
analyses of magnesium and calcium, (2) automated instruments to
measure a large number of other constituents that may be related
to magnesium deficiency, and (3) a radioactive isotope of 
28magnesium, Mg , for studying the dynamics of magnesium metabolism. 
Another valuable tool that has become available even more recently
is an apparatus suitable for the in-vitro study of intestinal
/
segments.
The present study in rabbits was designed to make use of 
these newer tools to investigate the effects of magnesium deficiency 
produced experimentally by diet. Its purpose was to clarify some 
of the anomalous observations made in previous studies of magnesium 
deficiency; to study the effects of such a deficiency on other 
cations in a variety of tissues and on other constituents of blood; 
and to study, in the small intestine, in-vitro changes in magnesium, 
calcium, sodium, and potassium.
SECTION II 
ANALYTICAL METHODS AND MATERIALS
I. CHEMICAL, HEMATOLOGIC, AND RADIOISOTOPIC STUDIES
Sodium and potassium. Analyses for sodium and potassium (54) 
were carried out with the AutoAnalyzer flame spectrophotometer 
(Technicon Corporation, Ardsley, New York). Samples were aspirated 
into the flow system either without dilution or after dilution to 
a range of 1.0-8.0 mEq/liter for potassium and 1-40 or 120-160 
mEq/liter for sodium.
Magnesium and calcium. Analyses for magnesium (64) in 1 
samples and analyses for calcium (37) in all samples except serum 
were carried out with the Perkin-Elmer Model 303 atomic absorption 
spectrophotometer (Perkin-Elmer Corporation, Norwalk, Connecticut). 
Samples to be analyzed for magnesium were diluted with a solution 
of strontium nitrate so that the final concentration of magnesium 
was within the range 0.25-1.50 mEq/liter and the concentration of 
strontium was 0.25$. Samples to be analyzed for calcium were 
diluted with a solution of lanthanum chloride so that the 
concentration of calcium was within the range 0.125-1.00 mEq/liter 
and the concentration of lanthanum was 1.0$. When the calcium 
concentration of a sample was below 0.125 mEq/liter, an internal 
calcium standard was included in the dilution.
Other chemical analyses on blood. Other chemical constituents
of blood were measured by using standard clinical laboratory 
methods and instruments. These constituents included alkaline
11 Ph°sPhatase (50), total and conjugated bilirubin (34), calcium (55),
j chloride (54), cholesterol (56), C02 (54), creatinine (53), glucose
| (51)  ^lactic dehydrogenase (45), inorganic phosphate (55), total
j protein (6l) and protein fractions (10), glutamic oxalacetic
transaminase (SGOT) (39), glutamic pyruvic transaminase (SGPT)
(39), urea nitrogen (52) and uric acid (57).
Hematologic studies. Erythrocytes and leukocytes were counted 
with a Model A Coulter Counter (Coulter Electronics, Hialeah, 
Florida); reticulocytes were counted after being stained with 
methylene blue. Hemoglobin was measured as cyanmethemoglobin; 
hematocrit, by capillary tube.
28 28Magnesium— . Mg , with an average specific activity of 400 
jic/mEq magnesium, was supplied as magnesium chloride by the Hot 
Laboratory Division, Brookhaven National Laboratory, Upton, L.I.,
New York. An aliquot of this product as received was added, in a 
quantity sufficient to produce a counting rate of 10,000-15,000 
cpm/ml, to the solution used to bathe intestinal segments in the 
in-vitro experiments. Radioactive magnesium was counted with the 
Model 3001 Auto-Gamma Spectrometer (Packard Instrument Company,
Inc., Downers Grove, Illinois), 10,000 counts being made on each 
sample. All counts were corrected for physical decay of the 
isotope and then were corrected to a standard counting rate of 
15,000 cpm to facilitate comparison of data among experiments.
Digestion of tissues. Tissues were digested in 25$ (v/v)
4
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concentrated nitric acid at 90°C for 18-48 hours. Each digested 
sample was diluted to a volume of 10 ml with distilled, deionized 
water and stored in the refrigerator prior to analysis for 
magnesium, calcium, sodium, and potassium*
Reproducibility of analytical methods. The reproducibility 
of the methods used for electrolyte determinations was measured by 
using pooled material similar in type and treatment to that of the 
experimental samples. One pool consisted of gut from normal 
rabbits; the other was human serum. Aliquots of the pools were 
frozen and then were thawed as needed for inclusion in each batch 
of determinations; in no case were more than two aliquots included 
in a batch. The control materials were analyzed 30-50 times for 
each electrolyte.
The significance of the difference between mean values was 
calculated as follows (25):
A value for P of less than .01 was considered statistically 
significant.
II. STATISTICAL ANALYSES
Standard deviation was calculated as follows:
t =
The data for intestinal segments used in the in-vitro studies 
was analyzed by means of a program written for the IBM Model 1131 
computer (IBM Corporation, White Plains, New York). The computer 
program and the printed output are included in Appendix C.
III. APPARATUS USED FOR IN-VITRO STUDIES 
Saltman's apparatus (42), manufactured at the University of 
Colorado in Boulder, is shown in Figure 1.
FIGURE 1. APPARATUS USED FOR IN-VITRO STUDIES 
Reproduced from Saltman and Helbock (42)
SEROSAL
SECTION III 
EXPERIMENTAL METHODS
I. PRODUCTION OF MAGNESIUM DEFICIENCY
\
Six young male rabbits, weighing approximately 1.8 kg each, 
were placed in individual metabolism cages. Food and water were 
withheld for 36 hours. They were then placed on the magnesium- 
deficient diet (Table I) and tap water, without restriction, until 
they showed severe clinical symptoms of magnesium deficiency— the 
time chosen to kill them. The tap water contained 0.19 mEq of 
magnesium per liter and the experimental diet, 0.80 mEq/kg.
II. PREPARATION OF BLOOD AND TISSUES
AFTER KILLING THE ANIMALS
Preparation of blood. A small amount of blood was collected 
for hematologic studies and combined with heparin as an anticoagu­
lant. The remainder of the blood was allowed to clot for one 
hour before serum was removed to be analyzed for its chemical 
constituents. An aliquot of the serum, preserved with sodium 
fluoride, was used for determination of the glucose concentration; 
the rest of the serum was frozen for a maximum of four days until 
the analyses could be performed.
Preparation of tissues. Two samples, each weighing about 
1 gram,were obtained from each of the following organs or tissues: 
tibia, brain, heart, upper jejunum, midjejunum, upper ileum, large 
intestine, kidney, liver, lung, lymphoid tissue from the neck, 
skeletal muscle, skin, stomach, and testis. One sample of tissue
TABLE I 
MAGNESIUM-DEFICIENT DIET+
Material Amount
Casein, vitamin-free 200 g
Sucrose 668 g
Lard 100 g
Salt mixture* 20 g
Vitamin K (menadione) 2.5 mg
Vitamin-sucrose mixture** 10 g
Choline chloride 2 g
Oleum percomorphum (7,200 units 
Vitamin A; 1,200 units Vitamin D) 10 drops
Vitamin E (alpha tocopherol), 
given orally once a week. 20 mg
* Salt mixture. The following salts (weight in grams) 
are combined: CaC03 (54.3); NaCl (6.9); KC1 (11.2);
kV ° 4 (21>2^ (2.1); KI (0.008); MnSO^
(O.O35); NaF (0.10); CuSO^ (0.090); A^(SO^)_K SO. 
(0.017).
** Vitamin-sucrose mixture. The following vitamins 
(weights in milligrams) are combined with 200 g 
sucrose: riboflavin (200); pyridoxine hydrochloride
(200); nicotinamide (200); calcium pantothenate (l,000); 
biotin (2); folic acid (20); B^, crystalline (2);
1-inositol (2,000); para-aminobenzoic acid (200); 
thiamine hydrochloride (200).
+ Taken from Mackenzie and Mackenzie (32).
was taken from each of the following organs or tissues: adrenal
glands, appendix, hone marrow, intestinal lymphoid tissue, 
pituitary gland, and spleen. To prevent drying, all tissues were 
removed as soon as possible after death. After being weighed, the 
tissues were digested in concentrated nitric acid.
III. IN-VITRO STUDIES
Preliminary Observations
Movement of Mg2® across intestinal segments. Segments of the 
small intestine from normal rabbits were everted and attached to 
the Saltman apparatus, and the movement of Mg28 from the mucosal
side (M) to the serosal side (S) was measured in 4 different media.
28Mg was added to one of the following solutions bathing the 
mucosal surface of the gut: (l) physiologic saline, (2) physiolo­
gic saline buffered with tris (hydroxymethyl) amino methane (tris), 
(3) physiologic saline buffered with tris, to which ethylenedia- 
mine tetraacetic acid (EDTA) had been added, and (4) Ringer's 
solution to which glucose and stable magnesium had been added.
Plain physiologic saline solution bathed the serosal surface.
Serial observations made for 2 hours showed the amounts of 
Mg28 found on the serosal side to be similar, regardless of the 
medium bathing the mucosal side. Increasing the pH or prolonging 
the period of incubation increased the amounts of Mg28 found on 
the serosal side. When the segments were incubated in Ringer's 
solution containing glucose and stable magnesium, the rate of 
increase was linear up to 6 hours. Linearity in the other media
11
Concentration of electrolytes in the segments. By the time 
the intestinal segments had been incubated for 30 minutes in the 
saline-tris or in saline-tris-EDTA, or for 2 hours in Ringer's 
solution, the tissue concentrations of magnesium, calcium, and 
potassium were at least 30$ less and the sodium concentration 
three times greater than the concentration of electrolytes in 
intestinal segments from normal rabbits.
When the intestinal segments were incubated for 2 hours in 
saline-tris at different pH's, the concentrations of magnesium, 
calcium, and potassium were greatest at pH 9, intermediate at 
pH 7, and least at pH 5- When EDTA was added to this system, the 
pattern was reversed--the concentrations of these electrolytes 
being greatest at pH 5 and least at pH 9* The concentration of 
sodium was higher than normal either with or without EDTA, but 
greater when EDTA was present.
The addition of 2, 10, and 20 mEq of stable magnesium per 
liter to the saline-tris-EDTA solution on the mucosal side only 
affected the concentration of magnesium but not that of the other 
electrolytes. With the addition of 20 mEq to the mucosal solution 
the concentration of magnesium in the gut was approximately 
tripled.
was not tested, beyond 2 hours.
Summary of preliminary observations. From preliminary obser­
vations the following conclusions were drawn:
28 13moves across the gut at a linear rate for at least 
hours. v
2, The transfer of Mg28 from the mucosal side to the serosal 
side is probably not caused by a chelation mechanism comparable to 
that induced by EDTA.
3* Tris does not appear to affect the movement of Mg28.
A gradient of magnesium alters the concentration of 
magnesium in the intestinal segment.
5. Ringer * s solution appears to be as suitable a medium as 
any tested.
6. Analysis of the major cations in intestinal segments might 
provide information about their interrelationship in the process of 
absorption.
Selection of experimental conditions for the principal experi-
Jment. As a result of these preliminary observations, the following
conditions were selected for the principal experiment:
281. The movement of Mg across intestinal segments would be 
measured hourly for J hours.
2. The incubating medium on both sides of the segment would 
be Ringer's solution containing glucose and stable magnesium in 
concentrations similar to those normally found in blood.
3* The tissue concentrations of magnesium, calcium, sodium 
and potassium in the intestinal segments would be measured at the 
end of the incubation period.
The Principal Experiment.
The transfer of Mg2^ and the concentrations of stable magne­
sium, calcium, sodium, and potassium in the small intestine of 
rabbits were determined under the following conditions: (l) using 
both normal and magnesium-deficient rabbits; (2) in both directions 
(mucosa to serosa and vice versa); (3) in both proximal and distal 
segments of the small intestine; and (4) in the aerobic state and 
in the presence of cyanide. Three to six preparations of intestinal 
segments were used for each group of observations upon a variable 
(Table II).
Constant conditions. In all experiments the fluid bathing the 
mucosal (M) and serosal (s) surfaces of the intestinal segments was 
Ringer’s solution (Travenol Laboratories, Morton Grove, Illinois) 
to which was added glucose and stable magnesium. The content of 1 
liter was as follows: sodium, 147-5 mEq; potassium, 4.0 mEq;
calcium, 4.5 mEq; chloride, 156 mEq; glucose, 1 g; and magnesium, 
1.6-1.8 mEq.
The pH of all the solutions was adjusted to 7.4 and the 
solutions were heated to 37°C before coming into contact with the 
tissues. All experiments were carried out at this temperature.
Variable conditions. In order to study the mucosal-to-serosal
( M to S ) transfer of cations the tissue segments were everted and 
28Mg was added to the solution bathing the mucosal surface; for the 
study of S to M transfer, the segments were not everted Mg2^ 
was added to the serosal fluid.
14
For aerobic metabolic conditions, a mixture of 9%  oxygen and 
5$ carbon dioxide was bubbled through both solutions; when 0.05 M 
sodium cyanide was added to the solutions, pure oxygen was used.
Procedure. Immediately after exsanguination of a rabbit, the 
entire small intestine was removed. Three segments, each approxi­
mately 12 cm long, were cut from the proximal end and three from 
the distal end. The segments were rinsed with physiologic saline, 
blotted, weighed, and immersed in cold physiologic saline until 
they were mounted on the inner chamber of the Saltman apparatus 
(Figure l). Measured amounts of the appropriate solution were 
added to the inner and outer chambers before the apparatus was 
assembled. The time elapsing between exsanguination of an animal 
and final assembly of the chambers was 15-20 minutes.
One-milliliter aliquots of the serosal and mucosal solutions 
were removed for radioactivity assay at l/2, 1, 2, 3, k, 5, 6 and 
7 hours. At the end of the experiment, the volume and pH of the 
remaining solutions were measured and an aliquot was taken from 
the solution in each chamber for analysis of its electrolyte 
content.
As each tissue segment was removed from the chamber, it was 
drained and blotted with damp towels, divided into three portions, 
and weighed. After the radioactivity in each portion had been 
counted, the tissue was dried to constant weight prior to digestion 
and analysis of its electrolyte content.
15
TABLE II
VARIABLES IN THE IN-VITRO STUDIES OF THE PRINCIPAL EXPERIMENT
Group Diet Direction* of Anatomic Site, MetabolicMg^° Movement Small Intestine Conditions
1 Normal M to S Proximal Aerobic
2 Normal M to S Proximal Cyanide
3 Normal M to S Distal Aerobic
k Normal M to S Distal Cyanide
5 Normal S to M Proximal Aerobic
6 Normal S to M Proximal Cyanide
7 Normal S to M Distal Aerobic
8 Normal S to M Distal Cyanide
9 Mg-deficient M to S Proximal Aerobic
10 Mg-deficient M to S Proximal Cyanide
11 Mg-deficient M to S Distal Aerobic
12 Mg-deficient M to S Distal Cyanide
13 Mg-deficient S to M Proximal Aerobic
14 Mg-deficient S to M Proximal Cyanide
15 Mg-deficient S to M Distal Aerobic
16 Mg-deficient S to M Distal Cyanide
* M to S = mucosal to serosal, across everted segment;
S to M = serosal to mucosal, across noneverted segment.
Supplemental Experiments
\
p O
The mucosal-to-serosal transfer of Mg and of stable magnesium, 
calcium, sodium, and potassium across everted segments of the distal 
small intestine of normal rabbits was determined -under the following 
conditions: (l) anaerobic incubation; (2) aerobic incubation in a
solution to which adenosine triphosphate (ATP) had been added; (3) 
aerobic incubation in the cold and in the presence of cyanide; and 
(M aerobic incubation in the presence of cyanide and ethylene- 
diamine tetraacetic acid (EDTA).
Only everted, distal segments from the small intestine of 
normal rabbits were used; otherwise, the conditions and procedures 
were the same as those of the principal experiment except as noted 
below:
Anaerobic incubation. A mixture of nitrogen and jjo carbon 
dioxide was bubbled through the solutions.
ATP. ATP, 0.001 M, was added to Ringer’s solution containing 
glucose and stable magnesium.
Cold. The solutions were cooled to 1°C and the experiments 
were performed at this temperature in a cold room.
EDTA. EDTA, 0.03 M, was added to Ringer's solution containing 
glucose and stable magnesium.
SECTION IV 
RESULTS
I. PRODUCTION OF MAGNESIUM DEFICIENCY
In rabbits on a magnesium-deficient diet a characteristic 
clinical picture appeared during two successive three-week periods 
(Figure 2).
First period. At the end of the first week the only clinical 
sign was hyperexcitability, although the average serum magnesium 
concentration had fallen 43$, from a mean baseline value of 1.93 
mEq/liter to 1.09 mEq/liter. Thereafter, the average serum magnesium 
concentration rose slightly and then dropped to O .98 mEq/liter.
During the second and third weeks, clinical symptoms of hyper­
irritability, tachycardia, vasodilatation, and loss of hair appeared 
and gradually increased in severity, in spite of the fact that the 
rabbits were eating well and maintaining their baseline weight.
Second period. Between the fourth and sixth weeks, the animals 
stopped eating; evidence of malnutrition (Figure 3a) and of renal 
failure and jaundice (Figure 3b) appeared and gradually increased 
in severity.
The animals were killed at the time they appeared moribund; 
for one rabbit this condition occurred at 30 days, and for five 
rabbits, at 42-45 days. At the time they were killed, their average 
weight was 1.07 kg— 40$ lower than the mean baseline value of 1.79 
kg. The average magnesium concentration in the serum was I .39 
mEq/liter— greater than the minimal level of the third week, but
less than the baseline value of I .93 mEq/^iter.
19
H. ANALYSIS OF BLOOD AND TISSUES
At autopsy the subcutaneous tissue was yellow; the liver, 
pale brown and firm; and the gallbladder, distended with dark 
yellow-brown bile (Figures 4a and 4b). There was very little 
subcutaneous fat, and all organs except the adrenal glands and 
brain appeared abnormally small.
FIGURE 2. SERUM MAGNESIUM CONCENTRATION*, WEIGHT LOSS* 
AND CLINICAL SYMPTOMS OF 6 RABBITS 
ON A MAGNESIUM-DEFICIENT DIET
• individual observation
* numerical values for serum magnesium concentration 
and weight loss are listed in Appendix A 
(Tables XV and XVI).

FIGURE 3a. NUTRITIONAL FAILURE IN A RABBIT ON A 
MAGNESIUM-DEFICIENT DIET FOR 6 WEEKS
FIGURE 3b. JAUNDICE SEEN IN THE EAR OF A MAGNESIUM- 
DEFICIENT RABBIT

Blood analyses. Because 5 normal and 6 magnesium-deficient 
animals probably do not represent a sample population large enough 
for valid statistical comparison under these experimental conditions, 
an arbitrary criterion was used to compare the blood values obtained 
in magnesium-deficient rabbits with those in the normal rabbits of 
this study (Table III). The raw data for these determinations are 
listed in Appendix A (Table XVII).
When the criterion for increased values is defined as higher 
mean and higher minimum and maximum values, the following values 
for magnesium-deficient rabbits were increased in comparison with 
those for normal rabbits; total and conjugated bilirubin, chloride, 
cholesterol, creatinine, lactic dehydrogenase, globulins, SGOT, 
and urea nitrogen. By the same criterion, the following values 
for magnesium-deficient rabbits were decreased; calcium, COg 
content, magnesium, phosphate, potassium, and sodium. The values 
for alkaline phosphatase in the two groups were nearly identical 
in mean and range.
Because of the variability of results in the magnesium-deficient 
group, similar comparisons cannot be made for the remainder of the 
chemical studies or for any of the hematologic studies.
Tissue analyses. In most of the tissues from rabbits on the 
magnesium-deficient diet the mean magnesium concentration was lower 
than that of the respective tissue in normal rabbits; exceptions were 
lymphoid tissue from the neck, skeletal muscle, skin, and testis.
The mean values for the appendix, bone cortex, and large intestine
23
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were significantly lower in tlie magnesium-deficient rabbits and of 
borderline significance at the 2$ or %  level for bone marrow, 
brain and mid-jejunum (Table IV).
The mean calcium values in magnesium-deficient rabbits were 
higher than those in normal rabbits for all tissues except bone 
marrow, intestinal lymphoid tissue, skin, spleen, stomach, and 
testis. The increase was statistically significant for the mid­
jejunum, large intestine, liver and muscle, and of borderline 
significance for the upper jejunum and upper ileum (Table V). The 
quantities of adrenal and pituitary tissue were insufficient for 
analysis.
The mean sodium values in magnesium-deficient rabbits were 
higher than those in normal rabbits for all tissues except the 
large intestine, the kidney, and lymphoid tissue from the neck.
The increase was statistically significant for bone cortex, brain, 
liver, lung, skin, spleen, stomach, and testis, and of borderline 
significance for upper ileum, intestinal lymphoid tissue and 
muscle (Table VI). The quantity of pituitary tissue was insuffi­
cient for analysis.
The mean potassium values in magnesium-deficient rabbits were 
lower than those in normal rabbits for all tissues except appendix, 
brain, heart, large intestine, liver, skin, and testis. There was 
a significant decrease for bone cortex and kidney, and a signifi­
cant increase for the large intestine (Table VII).
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TABLE IV
MEAN VALUES FOR MAGNESIUM IN TISSUES FROM MAGNESIUM-DEFICIENT
RABBITS AND NORMAL RABBITS
Normal Mg-deficient
Tissue (n) Mean* ± S.E.. (n) Mean* ± S.E. P
Adrenal (4) 11.00 1-377 (6) 9.82 0.276 **
Appendix (4) 17.59 0.964 (5) 12.14 1.136 <.01
Bone cortex (8) 26l 2.986 (12) CO0OJ 7.277 <.001
Bone marrow (4) 11.44 2.o4o (6) 4.87 0.379 <.02
Brain (8) 9.30 0.324 (12) 8.28 0.265 <•05
Heart (8) 11.72 0.463 (12) 10.80 0.800 **
Intestine, small 
Upper jejunum (8) 13.51 0.681 (12) 12.82 0.997 **
Mid-jejunum (8) 15.41 0.576 (12) 12.79 1.001 <•05
Upper ileum (8) 13.03 0.471 (12) 11.20 0.885 **
Intestine, large (6) 21.23 1.990 (10) 12.71 1.279 <.01
Kidney (8) 11.66 0.728 (12) 9.66 0.647 *#•
Liver (8) 11.62 0.633 (12) 10.82 0.901 **■
Lung (8) 8.66 0.475 (12) 7.48 0.423
Lymph, intestinal 0 0 16.20 0.762 (6) 12.77 1.788
Lymph, neck (8) 10.70 0.722 (8) 12.23 0.574
Muscle (8) 17.11 0.811 (12) 19.09 1.219 **
Pituitary (4) 23.78 3.499 (5) 20.76 1.266 **
Skin (8) 4.66 0.309 (12) 5.42 1.129 #*
Spleen 0 0 13.37 1.021 (6) IO.98 1.206 **
Stomach (8) 13-64 1.385 (12) 13.32 1.053 **
Testis (8) 6.72 0.520 (10) 8.45 0.703 **
* mEq magnesium/kg wet weight + standard error
** P > .05
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TABLE V
MEAN VALUES FOR CALCIUM IN TISSUES FROM MAGNESIUM-DEFICIENT
RABBITS AND FROM NORMAL RABBITS
Normal Mg-deficient
Tissue (n) Mean* ± S.E. (n) Mean* + S.E. P
Adrenal # # 0
Appendix 0 0 11.17 2.363 (5) 20.07 3.650 V V A A*
Bone cortex (7) 10108 228 (10) 11122 250 **
Bone marrow W 223 77-0 (6) 112 52.1 **
Brain (8) 3.16 0.367 (10) k.oo 0.k55 **
Heart (8) 3.vr 0.356 (12) 3-57 0.kl3
Intestine, small
Upper jejunum (8) 7.55 0.932 (12) 13.92 2.329 < 0 5
Mid-jejunum (8) 7.06 0.728 (12) 12.kl 1.686 <.01
Upper ileum (8) 8.25 1.286 (n) 13.62 1-739 <05
Intestine, large (6) 32.70 2.k3k (10) 78.69 7.583 <.001
Kidney (8) k.k7 0.513 (n) 5.69 0.195 •X-X-
Liver (8) 2.07 o.ik6 (12) k.99 0.k26 <001
Lung (8) 5.09 0.306 (12) 6.27 0.788 •X*
Lymph, intestinal (b) 12.2k 1.519 (5) 7.33 1.781 ■x*
Lymph, neck (8) 12.35 3.091 (9) 15.35 1.800 •x-x
Muscle (8) 2.52 0.235 (12) 15.07 2.632 <001
Pituitary # if 0
Skin (8) 6.16 0.612 (12) 5.19 1.060 •x-x
Spleen (4) 3-82 0.921 (6) 3.60 0.995 xx
Stomach (8) 11.3k 1.813 (12) 8.56 1.756 XX
Testis (8) 5.2k 0.6k6 (10) k.5k 1.059 X*
* mEq calcium/kg wet weight
# amount of tissue insufficient for analysis 
0 not calculated
** P >.05
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TABLE VI
MEAN VALUES FOR SODIUM IN TISSUES FROM MAGNESIUM-DEFICIENT
RABBITS AND FROM NORMAL RABBITS
Tissue
Normal Mg-deficient
(n) Mean* + S.E. (n) Mean* + S.E. P
Adrenal # # 0
Appendix (4) 42.40 1.347 (6) 47.80 2.565 #•*
Bone cortex (8) 231 4.919 (12) 253 3.314 <•01
Bone marrow # (6) 97.32 9.517 0
Brain (8) 55-94 1.329 (12) 61.20 1.139 < 0 1
Heart (8) 49.63 1.311 (12) 53.38 2.436
Intestine, small
Upper jejunum (8) 60.94 3.736 (12) 69.34 5.445 **
Mid-jejunum (8) 59.25 1.254 (12) 65.13 6.190
Upper ileum (8) 57-91 2.491 (12) 74.26 5.841 <02
Intestine, large (5) 60.00 2.604 (10) 57.18 2.346 **
Kidney (8) 77.00 2.960 (12) 75-04 1.208 V V AA
Liver (8) 27.89 I.O67 (12) 50.36 0.888 <.001
Lung (8) 59.43 2.175 (12) 68.24 1.713 <.01
Lymph, intestinal (4) 37.48 1.618 (5) 47.21 3.274 <.05
Lymph, neck (6) 59.13 2.525 (9) 57.25 4.214 **
Muscle (7) 21.51 0.903 (12) 29.54 2.747 <.02
Pituitary # # 0
Skin (8) 59.66 4.987 (12) 82.69 4.773 <.01
Spleen (4) 34.95 0.723 (6) 46.34 3.072 <•01
Stomach (7) 44.20 2.210 (12) 6o.4l 2.685 <.01
Testis (8) 43.06 1.332 (10) 59.52 3.643 <.001
* mEq sodium/kg wet weight
# amount of tissue insufficient for analysis 
0 not calculated
** P > .05
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TABLE VII
MEAN VALUES FOR POTASSIUM IN TISSUES FROM MAGNESIUM-DEFICIENT
RABBITS AND FROM NORMAL RABBITS
Tissue
Normal Mg-deficient
P(n) Mean* + S.E. (n) Mean* + S.E.
Adrenal w 69.80 5.155 (7) 60.67 3.680
Appendix 0 0 98.68 6.188 (6) 101.1 3.654
Bone cortex (8) 13.55 0.791 (9) 7.03 0.424 <.001
Bone marrow (b) 37-18 6.372 (6) 22.74 1.512
Brain (8) 77-39 0.694 (12) 77.77 2.098
Heart (8) 66.99 1.798 (12) 69.61 3.196 V Vaa
Intestine, small
Upper Jejunum (8) 73.93 4.194 (12) 68.31 1.881 **
Mid-jejunum (8) 77.05 2.758 (12) 73.54 4.107 **
Upper ileum (8) 75-54 2.647 (12) 69.62 3.672 **
Intestine, large (6) 71.40 2.898 (10) 84.57 2.486 < 0 1
Kidney (8) 6b.k6 0.948 (12) 57.72 2.011 < 0 1
Liver (8) 73.84 1.846 (12) 75.70 1.878 **
Lung (8) 74.28 1.714 (12) 68.48 1.434 < 0 2
Lymph, intestinal (b) 95-12 5.166 (5) 92.75 2.417
Lymph, neck (7) 70.67 2.431 (9) 66.73 3.367
Muscle (7) 92.60 2.448 (11) 81.90 3.503
Pituitary # # 0
Skin (8) 25.20 2.205 (12) 26.22 4.658 **
Spleen (b ) 95.95 4.407 (6) 94.91 5.292 **
Stomach (8) 72.13 3.166 (12) 66.87 1.909 V VAA
Testis (7) 60.76 3.103 (11) 63.99 2.673
* mEq potassium/kg wet weight
# amount of tissue insufficient for analysis 
0 not calculated
** P >.05
III. REPRODUCIBILITY OF ANALYTICAL METHODS
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Measurements of electrolytes on aliquots of pooled intestinal 
segments showed the determinations for potassium to he the most 
reproducible on a day-to-day basis; this determination was followed, 
in order of decreasing reproducibility, by sodium, magnesium, and 
calcium. For determinations performed on serum, the order of 
decreasing reproducibility was sodium, potassium, calcium, and 
magnesium (Table VIII).
TABLE VIII
DAY-TO-DAY REPRODUCIBILITY OF ANALYTICAL METHODS FOR ELECTROLYTES
Electrolyte
Pooled Intestine Pooled Serum
Mean* + S.D. C.V. Mean** + S.D. C.V.
Calcium 38.07 10.39 27 4.8 0.19 4.0
Magnesium 60.05 1.9b 13 1.5 0.08 5.5
Sodium 287 20.4 7-1 149 2.1 1.4
Potassium 3^9 13.8 4.0 4.9 0.13 2.7
* mEq/kg dry weight 
** mEq/liter C.V.
S.D.
Mean x 100
IV. IN-VITRO STUDIES OF THE PRINCIPAL EXPERIMENT
Effects of Various Experimental Conditions Upon the Concentrations 
of Electrolytes in Intestinal Segments
In the following descriptions of restarts, all concentrations of 
electrolytes refer to expression as milliequivalents per kilogram of 
dry weight of intestinal tissue.
Effects of a magnesium-deficient diet (Table IX). Both under 
aerobic conditions and with exposure to cyanide, the mean concen­
trations of magnesium in the everted distal segments of small intes­
tine were higher in magnesium-deficient rabbits than in the gut of 
animals on a normal diet; this difference was significant when 
cyanide was present in the media. Changes in other experimental 
conditions produced no significant difference in the magnesium 
concentration of the gut between the magnesium-deficient and the 
normal groups.
Under both conditions of incubation, the concentration of 
calcium in the everted distal segments was higher in the magnesium- 
deficient group; in the presence of cyanide, the mean value was 
significantly higher. Under aerobic conditions, the concentration 
of calcium in the everted proximal segments was significantly lower 
in the magnesium-deficient group than in the normal group.
The concentration of sodium in the everted segments was signifi­
cantly increased in the magnesium-deficient group when the segments 
were bathed with cyanide.
32
The concentration of potassium in the magnesium-deficient 
group was increased in the everted proximal segments treated with 
cyanide and in both the proximal and the distal noneverted segments 
incubated aerobically.
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Effects of eversion of the gut segment (Table X). When eversion 
was the experimental variable, the mean magnesium concentration in 
the everted distal segments from magnesium-deficient rabbits was higher 
than that in the noneverted segments.
With aerobic incubation, the concentration of calcium was signifi­
cantly higher in the everted proximal segments from normal animals 
than in the noneverted segments from the same animals. In the 
presence of cyanide, eversion was associated with a significant 
increase in the calcium concentration of the distal segments from the 
magnesium-deficient group.
The concentration of sodium was significantly higher in the 
magnesium-deficient rabbits for the everted proximal gut bathed in 
cyanide and in the everted distal gut under aerobic conditions.
With aerobic incubation the concentration of potassium was 
significantly increased in both the proximal and the distal 
noneverted segments from magnesium-deficient animals. In the 
presence of cyanide, the proximal everted segments from the magnesium- 
deficient group showed a significant increase in potassium.
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Variations according to anatomic site (Table XI). Both with 
aerobic incubation and with exposure to cyanide, the concentration 
of magnesium in the everted segments from the magnesium-deficient 
animals was significantly greater in the distal portions than in the 
proximal portions.
With aerobic incubation, the mean concentration of calcium 
tended to be higher in the proximal than in the distal segments; 
when cyanide was in the media, the reverse was true. These 
differences were statistically significant in the everted segments 
prepared from normal rabbits and incubated aerobically, and in the 
everted segments from the magnesium-deficient animals incubated in 
the presence of cyanide.
The concentration of sodium tended to be higher in the distal 
area of the gut under various experimental conditions.
The concentration of potassium was significantly increased for 
everted distal gut from the magnesium-deficient animals when the 
segments were incubated aerobically.
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Effects of oxygen and cyanide In the incubating media (Table 
XII). The presence of oxygen or cyanide in the incubatixg medium 
made very little difference in the intestinal concentration of 
magnesium.
Except in the everted proximal segments from normal rabbits, 
the concentration of calcium was increased by the presence of 
cyanide.
The concentration of sodium was higher in all segments 
incubated with cyanide, and the difference was statistically 
significant in all experiments except the ones which used proximal 
segments from normal animals.
Without exception, the concentration of potassium was signifi­
cantly lower in all groups exposed to cyanide than in those incu­
bated aerobically.
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Changes In Mucosal and Serosal Solutions
Electrolyte concentrations. The general pattern of changes in 
the electrolyte concentrations of mucosal and serosal solutions with 
progression of the experiments is shown in Appendix B (Table XVIII).
The concentration of magnesium increased when intestinal 
segments from normal rabbits were used; this increase was greater 
when the intestinal segments were not everted. With segments from 
rabbits on a magnesium-deficient diet, the results were variable 
and were not affected by eversion of the gut. The magnesium concen­
tration in the solutions was not altered by the use of different 
areas of the intestine or by different metabolic conditions.
No trend of change in the concentration of either calcium or 
sodium was observed under any set of conditions.
Under all conditions except two, the concentration of potassium 
in the mucosal and serosal solutions was increased at the end of the 
experiment; in these two it remained unchanged.
Volume (Appendix B, Table XXX). In all cases except two the 
total volume of fluid in both the mucosal and the serosal side of 
the chamber was less at the termination of the experiment than at 
the beginning, and there was no trend which depended upon specific 
experimental conditions.
£?—(Appendix B, Table XX). In almost all of the experiments, 
the pH of both the mucosal and the serosal solution was decreased
41
at the end of the experiment, although the magnitude of the change 
was usually less with exposure to cyanide than under aerobic 
conditions. Under three conditions an increase in pH was observed 
in distal segments of gut obtained from magnesium-deficient animal* 
and exposed to cyanide: (l and 2) in the mucosal and serosal
solutions used for everted segments, and (3) in the serosal solution 
used for noneverted segments.
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Studies with Radioactive Magnesium
The serosal/mucosal or mucosal/serosal ratio of Mg2® increased
in proportion to the duration of incubation. When Mg2® was added
to the mucosal solution, the serosal/mucosal ratio of Mg2® increased
more rapidly in the magnesium-deficient segments under «.n conditions
and in the normal distal segments incubated aerobically than in the
other three experiments employing normal segments (Figure 5).
28When Mg was added to the serosal solution, the increase in the 
mucosal/serosal ratio was greatest across the normal distal segments 
(Figure 6).
When the mucosal/serosal ratio of Mg2® was subtracted from the 
serosal/mucosal ratio the difference, with one exception, was less 
for experiments employing segments from normal rabbits than for 
experiments employing segments from magnesium-deficient rabbits.
The exception was the experiment which employed normal proximal 
segments incubated aerobically (Figure 7).
At the end of the experiment, the intestinal segments
incubated in the presence of cyanide contained a higher concentra- 
28tion of Jfe than those incubated aerobically. The one exception 
occurred in the proximal segments from magnesium-deficient rabbits 
(Table XIII).
1*3
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FIGURE 5- RELATIONSHIP BETWEEN THE DURATION OF INCUBATION AND 
THE SEROSAL/MUCOSAL RATIO OF MG28 CONCENTRATION IN SOLUTIONS 
BATHING EVERTED SEGMENTS
Each point is the average of 2-4 observations.
N = normal, MD = magnesium-deficient 
P = proximal, D = distal 
A = aerobic, C = cyanide
Ho
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FIGURE 6. RELATIONSHIP BETWEEN THE DURATION OF INCUBATION AND
pQTHE MUCOSAL/SEROSAL RATIO OF MG CONCENTRATION IN SOLUTIONS 
BATHING NONEVERTED SEGMENTS
Each point is the average of 2-k observations.
N = normal, MD = magnesium-deficient 
P = proximal, D = distal 
A » aerobic, C = cyanide
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FIGURE ?. RELATIONSHIP BETWEEN THE DURATION OF INCUBATION AND THE 
DIFFERENCE BETWEEN THE SEROSAL/MUCOSAL AND THE MUCOSAL/SEROSAL
RATIO OF MG28
N = normal, MD = magnesium-deficient 
P = proximal, D = distal 
A = aerobic, C = cyanide
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Specific activity. In general, when all other conditions 
were comparable, the specific activity of the receiving solution 
increased more in the presence of a magnesium-deficient gut than 
in the presence of a normal gut, whether the Mg2® moved from the 
mucosal to the serosal side or vice versa (Table XIV).
With the exception of the magnesium-deficient proximal segments, 
the specific activity of the intestinal tissue segments in both the 
normal and the magnesium-deficient groups was higher when cyanide 
was present in the media than when the tissues were incubated 
aerobically (Table XIII). In both the normal and the magnesium- 
deficient groups, the specific activity of the tissues tended to be 
higher and the magnesium concentration lower when the movement of 
Mg^® was from the serosal to the mucosal side than when it was in 
the opposite direction. The two lowest values for tissue specific 
activity were found in the everted distal segments from magnesium- 
deficient rabbits.
Effect of the collapse of an intestinal segment. Regardless 
of direction, the movement of Mg2® across everted or noneverted 
gut was usually decreased by collapse of the segment. The 
collapsed state, however, did not affect the concentration of Mg2® 
or of stable magnesium, calcium, sodium, and potassium in the tissue 
itself. In Appendix B (Table XXI), the specific activity of 
solutions bathing collapsed segments is compared with the specific 
activity of solutions bathing noncollapsed segments under similar 
experimental conditions.
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V. IN-VITRO STUDIES OF THE SUPPLEMENTAL EXPERIMENTS
The results of the supplemental experiments in which distal, 
everted intestinal segments from normal rabbits were incubated 
anaerobically in nitrogen and of those in which they were incubated 
aerobically, either in the cold at 1°C or with the addition of ATP 
or EDTA, were compared with results of the principal experiment in 
which everted, distal, aerobically incubated segments from normal 
rabbits were used. The results of the supplemental experiments 
conducted in the presence of cyanide, both in the cold and at 37°C 
with EDTA, were compared with those obtained in the principal 
experiment when everted, distal, cyanide-exposed segments from 
normal rabbits were used.
Changes in electrolyte concentration. The mean concentration 
of stable magnesium (Figure 8) in the intestinal segments subjected 
to the conditions of the supplemental experiments was relatively 
unaltered by the difference in temperature. The magnesium concen­
trations obtained in the supplemental experiments, however, were 
lower than those of the principal experiment (l) in the presence 
of EDTA both aerobically and with cyanide, and (2) in the presence 
of ATP.
The mean concentration of calcium (Figure 8) in segments from 
the supplemental experiments was lower when the experiments were
conducted in the cold or in the presence of EDTA than when they
\ /'■ ' . . 
were conducted either anaerobically or in the presence of ATP.
The calcium concentration of segments incubated anaerobically was 
nearly twice that of segments incubated aerobically in the 
principal experiment. The segments incubated in the cold or in 
the presence of EDTA showed lower concentrations in the supplemental 
experiments than in the principal experiment; this difference was 
striking when the segments were incubated with cyanide.
The potassium concentration (Figure 8) was higher in segments 
incubated in the presence of ATP and in the cold than in those 
incubated anaerobically or in the presence of EDTA. Except for the 
experiment conducted in the cold with cyanide, the values for 
potassium were significantly lower in the supplemental experiments 
than in the principal experiment.
Except for the segments incubated anaerobically, the sodium 
concentration (Figure 8) was slightly lower in segments for the 
supplemental experiments than in segments used for the principal 
experiment; this decrease was striking when the experiments were 
conducted in the cold.
Radioactive magnesium. The rate of increase in the serosal/
20mucosal ratio of Mg for the supplemental experiments was similar 
to that found under comparable conditions in the principal experi­
ment. Incubation in the cold, however, caused a striking decrease
20in the movement of Mg , whether the preparations were incubated
aerobically or with cyanide (Figure 9)•
>
5^
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FIGURE 8. ELECTROLYTE CONCENTRATIONS IN EVERTED, DISTAL SEGMENTS
FROM NORMAL RABBITS
The mean values for electrolytes under conditions speci­
fied for the supplemental experiments are superimposed upon 
the mean values of the principal experiment for similar 
segments, aerobically incubated (horizontal lines) and 
incubated in the presence of cyanide (vertical lines).
Each mean value is the average of 6-12 replicate deter­
minations from 3-6 segments.
(A) = aerobic, (c) = cyanide
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FIGURE 9. EFFECTS OF VARIOUS SPECIAL CONDITIONS OR THE RATE OF 
INCREASE IN THE SEROSAL/MUCOSAL RATIO OF MG^ CONCENTRATION 
IN EXPERIMENTS EMPLOYING EVERTED, DISTAL SEGMENTS 
FROM NORMAL RABBITS
Each point is the average o f 2-4 observations. 
(A) = aerobic, (c) = cyanide
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SECTION V 
DISCUSSION
I. MAGNESIUM DEFICIENCY
The bodies of human beings (63) and of rabbits (2) contain 
about 30 mEq of magnesium per kilogram of tissue (wet weight). In 
man and presumably in other species as well, the extracellular 
magnesium is quantitatively insignificant, since plasma contains 
only about 2 mEq/liter. Bone accounts for 60$ of the total body 
content of magnesium. The remainder of the magnesium is in cells, 
about 20$ of the total body content being in muscle and 20$ in 
soft tissues, skin, and erythrocytes (4).
Effects of Magnesium Deficiency
The classic sequence of clinical signs described in early 
studies of magnesium deficiency in dogs (31> 58)— neuromuscular 
signs, followed by nutritional failure— appeared in adult rabbits 
kept on a magnesium-deficient diet. In the present experiment, 
however, the neuromuscular signs were limited to increased 
irritability and did not progress to conculsions, which have been 
observed in young animals of other species. The occurrence of 
convulsions is probably dependent upon depletion of the labile 
stores of magnesium in the body (chiefly, as has been noted, in 
bone). While the bone of a young animal may have a greater concen­
tration of labile magnesium, which may be released at the time of 
convulsion, the bone of an adult may have a greater content because
the skeletal mass is greater.
In rabbits on a magnesium-deficient diet, the serum magnesium 
concentration first feU abruptly to about half its original value 
and then levelled off (Figure 2). The end of the sharp decline may 
represent the point at which soft-tissue deficits are corrected by 
release of the body reserves and renal conservation mechanisms 
begin to function more efficiently. A slight rise follows the 
abrupt decline in the first period. This is of interest because 
it is at this stage that irritability increases; possibly this rise 
is related to the mechanism responsible for the increase in serum 
magnesium that has been reported to occur immediately after a 
convulsion (36). The gradual rise that occurred in rabbits during 
the second period has been observed inconsistently by other inves­
tigators; this might reflect conversion of the stable reserves in 
bone to a more labile form, or to decreased efficiency of the 
renal conservation mechanism.
Changes in Blood Constituents
Most previous studies of dietary magnesium deficiency have 
been confined primarily to analyses of electrolytes in the rat.
Such analyses have not been made on normal or magnesium-deficient 
rabbits. In contrast to the abrupt drop in serum magnesium concen­
tration observed in laboratory animals fed a magnesium-deficient 
diet, changes in other inorganic constituents of blood— calcium 
(31> 4l, 44), sodium (31, 44, 62), potassium (l6, 31, 32), chloride 
(16, 32, 44, 62), and inorganic phosphate (31)— are inconsistent.
6o
In some studies (32, 62) serum calcium was increased and in some 
(22, 14) potassium was decreased. The present study in rabbits 
shows a definite decrease in the concentration of serum magnesium 
and a trend in this direction for potassium and calcium. It is 
possible, however, that the serum calcium might have been elevated 
before severe nutritional failure occurred. The differences 
between the mean values for magnesium, calcium, sodium, and 
potassium in the magnesium-deficient rabbits and those in normal 
rabbits cannot be explained solely on the basis of variability in 
the analytical methods (Table VIII) and probably reflect physiologic 
alterations.
The concentration of nonprotein nitrogen was elevated 
terminally in magnesium-deficient dogs (31) and azotemia has been 
reported in rats (62). These results, together with the increased 
values for urea nitrogen and creatinine found in this study, 
suggest the presence of renal damage. In rats, the increase in 
urea nitrogen (62) could not be attributed solely to catabolic 
processes, since the nitrogen balance and weight of experimental 
animals did not differ from those of the controls, and it was 
concluded that deposition of calcium had caused an alteration in 
renal function. The increase in serum creatinine observed in the 
present study is considered supportive evidence for renal damage, 
although the possibility that this elevation was due to muscle 
damage was not explored.
The increases in serum concentrations of total and conjugated
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bilirubin, lactic dehydrogenase, SGO-transaminase, and alpha and 
beta globulins are compatible with liver damage. This is the first 
report of an elevation in serum bilirubin associated with a 
magnesium-deficient diet. While it is impossible, in an experiment 
not using pair-fed controls, to rule out nutritional failure as 
the cause of liver damage, it is noteworthy that KLesel and 
Alexander (29) visually observed icterus in 6 of 20 sheep that 
were in excellent nutritional condition after being maintained on 
a magnesium-deficient diet.
Changes in Tissue Composition
Magnesium. Bone showed a depletion of magnesium, a finding 
which is in agreement with the observations of most investigators. 
The nature of the magnesium concentrated in bone is not known.
It may be part of the mineral structure itself or may be adsorbed 
on the surface of bone crystals (18), and there is experimental 
evidence to suggest its occurrence inboth forms. When normal 
rabbits were injected with radioactive magnesium, the relative 
specific activity of bone at the time of death, expressed as the 
ratio of Mg28 concentration of tissue to that of plasma, increased 
rapidly within 6 hours; it increased slowly thereafter, and was 
still increasing at 2h hours (2). In rats on a magnesium-deficient 
diet, serial determinations of the concentration of magnesium in 
bone showed a rapid withdrawal of magnesium immediately, and 
thereafter a progressive slow depletion (21). These findings are 
compatible with the theory that bone contains both a labile store
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of magnesium, which can he called upon to supply other tissues in 
time of stress, and a stable form which is released with difficulty. 
Magnesium bound weakly on the surface of bone crystals would be 
expected to be that fraction immediately available to the plasma. 
There is no indication that release of bone magnesium is anything 
other than a passive physiochemical process (48).
One might expect to find a generalized depletion of magnesium 
in the tissues from magnesium-deficient animals because of the 
severity of their clinical symptoms. The mean magnesium concentra­
tions in most of the tissues of these deficient rabbits were less 
than those of normal rabbits; that they were not statistically 
significant confirms previous studies in other species. The concen­
tration of magnesium within cells is considerably higher than that 
in the extracellular fluid. Because magnesium is required in many 
enzyme systems (60) and is necessary for maintaining the integrity 
of mitochondria (9) in-vitro, one can assume that an adequate level 
of intracellular magnesium is extremely important to cell metabolism. 
Smith (48) theorized that a very rigid system, including a special 
mechanism for regulating magnesium exchange across the cell wall, 
must be responsible for the concurrent existence of an abnormally 
low plasma concentration with the normal tissue concentration 
observed in magnesium-deficient animals.
Some investigators have demonstrated a labile fraction of
magnesium in the soft tissues of intact animals by showing a rapid 
28uptake of Mg by tissues such as heart, kidney, and liver (2, l6).
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If readily available labile stores are present in the soft tissues 
it is logical to assume that these tissues from a magnesium- 
deficient animal should show a depletion. Yet such a depletion 
was not demonstrated in this study or in most previous reports.
The results of this study fail to confirm those of some 
investigators (32, 4l, 44, 62) who report low concentrations of 
magnesium in the muscle of magnesium-deficient animals.
A pertinent observation in this experiment is that most of the 
organs were smaller than usual. If the decrease in size is assumed 
to result mainly from loss of fat, which contains a negligible 
amount of magnesium, a true decrease in magnesium content would 
not be apparent. Water loss would cause the tissue concentration 
of magnesium to be increased, but the few experiments which have 
measured water content in tissues (44, 58, 62) have shown no 
difference between magnesium-deficient and control animals.
The finding of a decreased magnesium content in the large 
intestine is of interest because of recent reports that magnesium 
is absorbed from areas of the gastrointestinal tract other than 
the small intestine (l4).
Calcium. The kidney is one tissue in which the concentration 
of calcium is frequently found to be increased during magnesium 
deficiency (ll, 22, 32, 4l, 44, 46). The failure of this study to 
demonstrate such an increase, despite biochemical evidence of 
renal damage, cannot be explained by sampling error, since at least
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half the kidney, including both cortex and medulla, was taken for 
each analysis. A more logical explanation might be variability 
in the analytical method, since it was the least reproducible one 
used (Table VIII).
The concentration of calcium during magnesium deficiency has 
been reported as increased (22) or unchanged (4l, 44, 46) in 
skeletal muscle; increased (22, 47) or unchanged (46) in bone; 
and unchanged in heart (46), brain, and liver (32, 46).
All areas of the small intestine in the magnesium-deficient 
rabbit contain increased amounts of calcium. This observation is 
of interest in view of the suggestion made by some observers (6) 
that the small intestine has a common absorptive mechanism for 
calcium and magnesium.
The increase of calcium in the liver of these magnesium- 
deficient rabbits may be associated with the hepatic damage 
presumably responsible for the increased serum concentration of 
bilirubin. In a subsequent study of livers from magnesium- 
deficient rabbits, histologic evidence compatible with biliary 
cirrhosis was found (5).
Sodium. In previous studies, the concentration of sodium 
during magnesium deficiency was found to be increased in the kidney 
(22), skeletal muscle (22, 46), and heart (46). Twelve of 21 
tissues analyzed in this study show an increase significant at 
the %  level or below.
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Potassium. The significant decrease in the concentration of 
potassium in the hone cortex, large intestine, and kidney of 
magnesium-deficient rabbits, as well as in the serum, agrees with 
previous observations made in rats (22). The signs of magnesium 
deficiency are similar to those of potassium deficiency (22, 44,
62) and are accompanied by a decreased concentration of potassium 
in the serum, skeletal muscle, kidney, and bone, together with an 
increased concentration of sodium in the muscle and heart.
Lack of Consistency in Observations on Magnesium Deficiency
The results of studies performed since magnesium deficiency 
was first produced in laboratory animals more than 30 years ago 
have been surprisingly inconsistent. Variations in the duration 
and severity of clinical signs observed in animals during magnesium 
deficiency may be related to differences either in the experimental 
diet or in the animals. The lower the concentration of magnesium 
in the diet, the more rapid would be the tissue depletion and the 
more severe the clinical signs. It is apparently impossible, 
however, to prepare a diet completely free of magnesium. Further­
more, dietary levels of protein (6), phosphorus (ll), potassium 
(22, 44), and calcium (47, 59) may affect the animal's magnesium 
requirements, and the possible effect of trace elements is unknown.
Species differences as well as individual variability might 
affect the response of animals to a diet deficient in magnesium.
A definite clinical entity due to magnesium deficiency has been 
recognized in dairy animals for many years but has only recently 
been recognized in human beings. Qualitative or quantitative 
differences in magnesium stores may be governed by the age of the 
animal.
Another possible explanation for the disparities found in the 
literature could be lack of uniformity in the methods of reporting 
experimental results. For example, a measurement made on fat-free 
dry solids might show a significant change which would not be 
apparent when the results of the same measurement were reported 
on the basis of dry solids, wet fresh weight, or noncollagen nitrogen 
content (32).
Other important factors affecting experimental results include 
the specificity and reproducibility of analytical methods. In 
the past calcium and magnesium analyses have been performed by a 
variety of nonspecific methodsatomic absorption spectrophotometry 
may prove to be the method of choice for these determinations.
The reproducibility of analytical methods, if measured at all, 
is usually not reported. Since the usual statistical tests for 
the significance of differences between control and experimental 
animals measure the variabilities due to both the methods and the 
animals, it is likely that more consistent results could be obtained 
if the specific sources of variability could be identified.
II. ABSORPTION BY THE INTESTINE
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Movement of Ions Across the Intestinal Mucosa
According to prevailing concepts, a substance moves from the 
lumen of the gut into the blood stream or the lymphatics by the 
following route: It must first penetrate the lipoprotein membrane
of the microvilli, then pass among the maze of organelles within 
the epithelial cell, and next be extruded from the base of the 
cell; it then passes through the basement membrane into the inter­
stitial fluid of the lamina propria and finally reaches the blood 
stream and the lymphatics. The process occurs also in reverse, since 
net intestinal absorption is the result of exchange in both 
directions (27).
This movement of ions across the intestinal mucosa cannot be 
explained solely on the basis of simple diffusion, and various other 
mechanisms have been hypothesized. These must be considered in 
relation to characteristics of the cell membrane which may allow, 
inhibit, or facilitate the process. Many of the characteristics 
of the cell membrane are also hypothetical--for example, the theory 
that the continuity of the lipid structure is broken by "pores" 
filled with water. Some such hypothesis is necessitated by the 
fact that the lipid nature of the membrane makes it impermeable 
to solutes in water.
The Classification of Mechanisms
The movement of ions is generally classified as active 
(requiring the energy of cell metabolism) or passive (not requiring
this energy).
Passive movement usually pertains to "downhill" movement from
an area of higher concentration, or activity, to a lower one hy
■
means of (l) solvent drag, (2) simple diffusion, or (3) facilitated 
diffusion.
1. Solvent drag is the phenomenon by which ions are carried
'
through the membrane pores by ’bulk flow" of water. When solutes 
too large to pass through the pores accumulate on one side of the 
membrane, an osmotic pressure gradient is induced and bulk flow of 
water occurs in order to equalize this gradient. An osmotic pres­
sure gradient may also be induced by the presence of "fixed charges" 
in the walls of the pores. If these charges are negative, the pore 
wall repels anions, thus keeping their counterpart cations on the 
same side of the membrane.
I
2. Simple diffusion is the process by which ions move through 
membrane pores under the influence of electrochemical gradients.
The rate of diffusion bears a linear relationship to the magnitude 
of the gradient.
3. "Facilitated", or "carrier-mediated", diffusion is a 
hypothesis devised to explain the situation in which the driving 
force for movement across a membrane is the electrochemical gradient, 
but where the kinetics of such movement are those considered 
characteristic of a saturable carrier mechanism. The hypothetical 
carrier, believed to be a constituent of the cell membrane, would 
combine with the ion making the latter temporarily compatible with 
the lipid nature of the membrane. After being moved to the other side
of the membrane, the ion is released and the carrier is again 
available. The characteristics of this mechanism (23) are (l) 
substrate structural and steric specificity, (2) saturation 
I phenomena, and (3) competitive inhibition between related transport­
able substances.
Active movement pertains to "uphill" movement or movement of 
ions against an electrochemical gradient; it is considered to be 
carrier-mediated and dependent upon energy derived from cellular 
metabolism. 3he criteria for "active" movement (65) are (l) move­
ment against the gradient, (2) inhibition of movement when energy- 
yielding reactions are repressed, (3) saturation kinetics, (4) 
competitive inhibition by similar compounds that have a common 
pathway, and (5) inhibition at low temperature.
All five criteria are present in active movement, but only 
two— movement against an electrochemical gradient and inhibition of 
transport by repression of energy-yielding reactions— differentiate 
if from the various types of passive movement. Both active and 
facilitated diffusion exhibit saturation phenomena and competitive 
inhibition between chemically related compounds. Active transport 
related to low concentrations of substrate is linear, just as simple 
diffusion is, and some movements classified as passive are inhibited 
by low temperature (65).
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Currently Accepted Theories Concerning the Movement of Water 
and Electrolytes Across the Intestinal Mucosa
Water. The absorption of water is affected by the osmotic 
pressure and the electrolyte composition of the fluid in the 
lumen. The mechanism is compatible with bulk flow or with move­
ment secondary to the transport of a solute such as sodium chloride. 
Because glucose is required for the in-vitro absorption of fluid 
in rat intestine, some investigators have suggested that the move­
ment of water is an active process. This hypothesis has not been 
proven in vivo in the rat or in vitro in other animal species, and 
it is possible that the relationship between glucose metabolism and 
water movement is an indirect one. Other investigators have 
suggested that absorption of glucose is the primary event using 
metabolic energy, and that the movement of glucose from one side of 
the membrane to the other sets up an osmotic force which pulls with 
it enough water to dilute the glucose to isotonicity (19). There 
is no good evidence, however, to suggest that the movement of water 
is anything other than a passive process (66).
Sodium and potassium. In the processes of absorption across 
the intestine, sodium probably plays a more crucial role than other 
substances believed to be transported actively. Sodium from an 
isotonic or hypotonic salt solution within the intestine can be 
absorbed into the sodium-rich interstitial fluid of the lamina 
propria, while at the same time producing sufficient electrical 
gradient to pull anions, particularly chloride, from the lumen into
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the mucosa. It has been suggested that sodium diffuses passively 
across the villous membrane into the cell and is extruded from the 
opposite side by an energy-dependent "pump" in the basal membrane. 
Recent experiments suggest that the sodium pump is involved also in 
the movement of organic molecules such as sugar and amino acids.
The movement of sodium is also related hypothetically to the 
movement of potassium. The interior of the cell contains potassium 
in high concentration and sodium in low concentration; in extra­
cellular fluid, concentrations are the reverse. This lack of ionic 
equilibrium for potassium might be explained partially by the 
negative charge of the cell interior, which would assist in the 
uptake of potassium. In the case of sodium, both chemical and 
electrical gradients oppose its movement out of the cell. Experi­
ments with intact cells show that external potassium ions and 
metabolic energy, probably in the form of ATP, must be available 
in order for sodium ions to be pumped out. It is assumed that 
metabolic energy is used to convert a carrier loaded with sodium 
and having a high affinity for sodium ions into a carrier in the 
opposite direction with a high affinity for potassium (8).
Calcium. The observation that divalent cations are absorbed 
from the intestine more slowly than monovalent ions is compatible 
with the presence of hypothetical "fixed charges" in the pore walls. 
In-vitro experiments with many species of experimental animals have 
shown that calcium ions move against a concentration gradient across 
the upper portion of the small intestine. That the movement is
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"active" is supported b y  evidence that accumulation of calcium 
is inhibited by anaerobic conditions or by 2,4-dinitrophenol which 
prevents the generation of high-energy phosphate bonds. Schachter 
and his group (43) recently have postulated a mechanism whereby 
calcium moves in steps across the intestine: (l) from the mucosal 
medium into the mucosal tissues, (2) from the mucosa to the under­
lying muscular coats of the serosa, and (3) from the underlying 
coats to the serosal medium. They have demonstrated that the move­
ment in the second step is the only one which requires a metaboli­
zable hexose and which is inhibited by incubation with nitrogen or 
2,4-dinitrophenol.
There is also experimental evidence that the absorption of 
calcium is controlled by the secretion of parathyroid hormone, 
enhanced by vitamin D, and retarded by substances with which it 
might form a complex— for example, carbonate, gluconate, phos­
phate, and phytic acid (20).
Magnesium. There is experimental evidence to suggest that 
magnesium is absorbed from the small intestine of several a n i m a l  
species (l, 38), and that this absorption takes place more 
efficiently in the distal than in the proximal portion (12, 14, 40). 
Factors affecting the absorption are the load of magnesium presented 
to the mucosa (15)> the duration of its contact with the mucosa 
(49), and the ionic state of the magnesium (38, 49). There is no 
evidence that magnesium accumulates against a concentration gradient 
(12, 28, 40), or that its absorption is enhanced by any hormonal
73
influence (60).
In experiments with isolated intestinal segments from rats, 
Ross (4o) demonstrated an acceleration in the rate of in-vitro 
magnesium movement as the concentration of magnesium in the 
incubating solution was increased up to 4 mEq./literj thereafter 
a more gradual acceleration occurred as the concentration was 
increased up to 12 mEq/liter. He interpreted his data as indi­
cating a saturation phenomenon of either an active or a facili­
tated diffusion type, upon which passive diffusion was superim­
posed at the higher concentrations. Since, however, there was no 
accumulation of magnesium against a concentration gradient, his 
theory concerning the existence of an "active" mechanism is tenuous.
In the small intestine of intact rats, the absorption of 
magnesium increases linearly with intake over a wide range (15), 
but in the mid-third of the ileum of sheep there is a point at 
which the percentage of absorbed magnesium decreases (12). Such 
evidence with sheep does not necessarily support the theory of an 
active mechanism of facilitated diffusion, since it is possible 
that the osmotic effects produced might cause movement of water 
into the lumen, diluting the intestinal contents and causing them 
to pass more rapidly through the absorbing area (48).
The relationship between the absorption of calcium and that of 
magnesium. In 1909 Mendel and Benedict observed that parenteral 
injection of either calcium or magnesium augmented the urinary 
excretion of the other cation (35). This finding suggests a
competition, perhaps for reabsorption from the renal tubule, 
between calcium and magnesium. The increase of calcium in the 
tissues of animals depleted of magnesium is a well-documented 
phenomenon.
Alcock and MacIntyre (6) found, by in-vivo balance studies in 
rats, that the intestinal absorption of calcium was increased by 
the absence of magnesium in the diet, whereas the absorption of 
magnesium was increased by the absence of calcium. These findings, 
together with the observation that the total amount of calcium 
absorbed by magnesium-deficient animals was equal to the calcium and 
magnesium absorbed by control animals, formed the basis for the 
hypothesis that calcium and magnesium are absorbed from the intes­
tine by a common mechanism.
Recent in-vitro studies with gut segments support the hypothe­
sis that the two cations compete for absorption in the intestine. 
Hendrix and his coworkers (24) showed that magnesium inhibits 
calcium absorption in the normal rat, and Kessner and Epstein (28) 
showed that the capacity of the intestine to transport calcium 
against an electrochemical gradient was augmented in rats depleted 
of magnesium.
Although it appears likely that there is some interrelationship 
between calcium and magnesium metabolism it has never been proven 
in intact animals (48) that there is an antagonistic or competitive 
relationship based on a common absorptive pathway in the intestine. 
Clark (17), for example, found that an increase in the magnesium 
intake decreased the absorption of calcium only if the diet were
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free of calcium; when calcium was present in the diet, its 
absorption was promoted by increased magnesium intake. Since 
| calcium and magnesium are both normally present in the diet, it was 
Clark's opinion that absence of either constituent would constitute 
an abnormal dietary condition sufficient to produce changes in the 
intestinal mucosa. It is as reasonable to attribute the observed 
relationship between the two cations to changes in the mucosal
tissue as it is to attribute it to a common absorptive mechanism.
■
If a common absorptive mechanism exists, the movement of 
magnesium should be similar to that of calcium. In-vitro, calcium 
is accumulated against a concentration gradient but magnesium is not. 
The 'active" movement of calcium occurs across the proximal area of
•j f if ■ , • . , - ; | , - ? > ! _
the gut; what little evidence is available for magnesium indicates 
that the process, if it is selective at all, occurs in the distal
I area.
1
.
Conclusions Suggested by the Results of the Present In-Vitro Studies
I
Sodium and potassium. The concentrations of sodium and 
potassium were similar in the intestinal segments prior to their use 
in the in-vitro experiments, whereas after hours of aerobic 
incubation, the concentrations of sodium were markedly increased 
compared to those of potassium. This type of change, usually 
attributed to "tissue damage", would be expected to occur in such a 
lengthy experiment and is compatible with present concepts of the 
movement of sodium and potassium. The presence of cyanide could be 
expected to increase the sodium content still more, but the
conditions of these experiments were such that the higher concen­
tration of sodium in the intestinal segments could have been due to 
the higher sodium concentration in the cyanide medium than in the 
medium used for aerobic incubation.
Calcium. The in-vitro experiments present no evidence that would 
either confirm or deny present concepts of calcium absorption in the 
intestine. It is of interest to note that the concentration of 
calcium in almost every segment exposed to cyanide was greater than 
that of the corresponding segment incubated aerobically, a condition 
which was also true for sodium.
Magnesium. A magnesium-deficient state appears to enhance the 
28movement of Mg across both the proximal and the distal portions
of the small intestine. At the end of the experiments employing
28everted intestinal segments, Mg was more concentrated in the 
serosal solution, under either metabolic condition and for either 
anatomic area, in segments from magnesium-deficient rabbits than in 
segments obtained from animals in a normal dietary condition. The 
specific activity of the serosal solution was also higher in the 
magnesium-deficient group.
The concentration of stable magnesium in everted segments 
from magnesium-deficient rabbits was increased in the distal area 
only, yet the concentration of radioactive magnesium in these 
segments was similar to that in all other segments. In view of the 
fact that the specific activity of the serosal solution was higher in
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the presence of a magnesium-deficient gut than in a normal preparation, 
there seem to he only two logical explanations for these observations: 
(l) that a portion of the stable magnesium in the gut was sequestered 
and was not available for rapid exchange with the radioactive magne­
sium, or (2) that the serosa/mucosa ratio of magnesium was different 
in the proximal and distal areas.
In both normal and magnesium-deficient segments prior to their 
use in the in-vitro experiments, the concentration of magnesium in 
the proximal area of the intestine was similar to that in the distal 
area. The samples taken for analysis, however, included both mucosa 
and serosa, and it is possible that the serosal concentration of 
magnesium was higher in the distal than in the proximal area; such 
an observation has recently been reported in rats (1 3)• The ratio of 
mucosal surface to serosal surface is higher in the proximal portion 
of the small intestine than in the distal portion, and this fact may 
account for the overall similarity in tissue concentration of 
magnesium in the two areas. The sloughing of mucosal tissue during 
incubation could account for the higher concentration of magnesium 
observed in the distal gut, but there is no apparent reason for this 
being true for magnesium-deficient tissue and not for normal tissue.
In the normal gut the result of net movement in the proximal 
segment is similar to that of sin segments in a magnesium-deficient 
gut (Figure ^ ) . If this evidence were extended to an in-vivo 
situation, it is possible to conclude that in the normal rabbit, 
while magnesium passes from the mucosal to the serosal surface and 
vice versa in both the proximal and distal areas of the small 
intestine, the net positive gain for the body may occur near the
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proximal area. In the magnesium-deficient rabbit, the enhanced 
absorbing ability of both the proximal and the distal areas of the 
small intestine is enhanced.
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Since magnesium is essential to many biologic processes, the 
existence of some specific mechanism for its absorption appears
yielding process. That the concentration of magnesium in both the 
mucosal and the serosal solutions was higher at the end of the 
experiments than at the beginning can be attributed to its leakage 
from the tissue or to sloughing of tissue. The decrease of Mg28 
concentration in the serosal solution upon exposure to low temper­
ature cannot be interpreted as an indication of absorptive mechanism, 
since similar results were obtained when the intestinal segments 
were in a collapsed state.
There would appear to be no significance to the observation that
| almost imperative. Wo such mechanism, however, was indicated in 
these experiments. The fact that the presence of cyanide or
anaerobic conditions did not affect the concentration of Mg28 in 
the intestinal segments or in the mucosal and serosal solutions 
suggests that movement of magnesium does not require an energy-
the concentration of radioactive magnesium in the serosal medium was 
unaffected when ATP was added to the mucosal incubating medium.
Attempts by other investigators to use ATP in this manner in order 
to implicate it in the movement of a substance have not been
successful because the molecule is thought to be unable to penetrate
the membrane (30).
Therefore, there is no evidence in these experiments that 
magnesium is absorbed from the small intestine by a process other 
than passive diffusion.
8o
SECTION VI 
SUMMARY AND CONCLUSIONS
1. Rabbits fed a magnesium-deficient diet became moribund within 
six weeks. The initial acute stage, which lasted up to three 
weeks and was characterized by neuromuscular signs and a rapid 
decrease in the concentration of serum magnesium, was followed 
by a second stage characterized by nutritional failure and a 
slow rise in the concentration of serum magnesium.
2. As many as twenty-eight constituents were measured in the blood 
of 5 normal rabbits. Values for ten of these constituents were 
not available previously.
3- The same constituents were measured in the blood of six rabbits 
that had been fed a magnesium-deficient diet for six weeks. The 
constituents for which the minimum and maximum values were higher 
than those of the normal rabbits were as follows: total and
conjugated bilirubin, chloride, cholesterol, creatinine, lactic 
dehydrogenase, globulins, SGOT, and urea nitrogen; those for 
which the minimum and maximum values were lower were: calcium,
C02 content, magnesium, phosphate, potassium, and sodium. The 
results indicated the presence of electrolyte imbalance and of 
renal and hepatic damage.
4. The concentrations of magnesium, calcium, sodium, and potassium 
were determined for 21 tissues in the normal and magnesium- 
deficient rabbits. Information of this scope for such a variety
of tissues has not been available previously.
Tissues of rabbits on a magnesium-deficient diet showed, in 
general, a decrease in magnesium and potassium and an increase 
in calcium and sodium. These results confirm and extend 
previous observations.
Extrapolation of the results of the in-vitro experiments to 
in-vivo conditions indicates that in the normal rabbit a net 
positive balance for magnesium may be achieved by absorption 
through the proximal area of the small intestine, and that in 
the magnesium-deficient rabbit absorption from the distal area 
may be enhanced.
Absorption of magnesium from the small intestine of rabbits 
may occur by passive diffusion.
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APPENDIX A 
MAGNESIUM DEFICIENCY
89
MAGNESIUM CONCENTRATION* IN THE SERUM OF 6 RABBITS 
ON A MAGNESIUM-DEFICIENT DIET
TABLE XV
Days on Diet
0 7 14 21 30 42-45
1 2.08 1.00 1.01 I .07 --- 1.37*
2 1.33 1.30 1.16
3 2.04 1.09 1.24 0.89 --- 0.92*
4 2.57 1.13 1.15 I.05 --- 1.73*
5 1.50 0.78 O .89 0.80 I.38* ---
6 2.06 1.26 1.73 I .09 --- 1.54*
Mean I.93 1.09 1.20 O.98 1.39*
+
*
Expressed as mEq/liter.
Magnesium concentration when rabbits were exsanguinated•
TABLE XVI
WEIGHT+ LOSS OF 6 RABBITS ON A MAGNESIUM-DEFICIENT DIET
0 7 14 21 30 35 42-45
Total
Weight
Loss
1 I .856 1.764 1.864 1.854 ----  1.544 X.3U 35$
2 1.732 1.730 1.764 1.580 ---- 0.968 44$
3 1.794 1.830 1.770 1.802 ---- 1.472 1.142 36$
4 1.866 1.814 1.862 1.918 ---- 1.450 0.953 49$
5 1.734 1.814 1.864 1.800 * ____  ____ ---
6 1.746 1.706 1.636 1.644 ---- 1.250 1.082 38$
Mean 1.788 1.775 1.793 1.8o4 ---- I .429 1.071 40$
+ Expressed in kilograms.
* Killed after 30 days on diet.
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APPENDIX B
MUCOSAL AND SEROSAL SOLUTIONS FROM THE PRINCIPAL EXPERIMENT 
OF THE IN-VITRO STUDIES
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APPENDIX C
COMPUTER PROGRAM AND PRINTED OUTPUT CONCERNING INTESTINAL 
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COMPUTER PROGRAM
Subroutine for the Calculation of Standard Deviation
SUBROUTINE STDEV(SUMX,SUMX2,NX,STD,XMEAN) CORF=SUMX*SUMX/NX VAR=(SUMX2~C0RF) / (NX-1)STD=SQRT(VAR)XMEAN=SUMX/NXRETURNEND
Subroutine for the Calculation of ”t"
SUBROUT INE TESTT(XMN1,XMN2/STD1, STD2,NOVL1,NOVL2,T) DIV=XMN1-XMN2 IF(DIV)10,20,20 10 DIV=ABS(DI V)20 SEM1=STD1*STD1/N0VL1 SEM2-STD2*STD2/N0VL2 DENOM=SQRT(SEMl+SEM2)T=DIV/DENOMRETURNEND
Mainline Program
REAL MEANC6U)DIMENSION S UMX(6 4 ) ,SUM X2(6 L) , N(6 L) ,SIGMA(6 L ), 1RESU),SE(6<0 DIMENSION IGRP(32/ 2)DO 1000 l=l,6L SUMX( I)=0 SUMX2( I)=0 
N(I ) = 0 S E( I) = 0 SIGMACI) = 0 1000 MEAN(I)=0IGRP(1,1)=1IGRP(1,2)=9IGRP(2,1)=2IGRP(2,2)=10IGRP(3,1)=3IGRP(3/ 2)=11I GRP(A, l) = i*IGRP(A,2)=12IGRP(5/ 1)=5IGRP(5/ 2)=13
COMPUTER PROGRAM (continued)
IGRPC6,1)'= 61 GRPC6 , 2 ):= 141 GRP( 7, 1):= 71 GRPC 7, 2 ):= 151 GRPC 8, 1):= 81 GRP( 8, 2 );= 161 GRPC9, 1):= 11 GRPC9, 2 ) -= 51GRP(10,1 = 21 GRP( 10/ 2 = 61GRPC11,1 = 31GRP(11,2 = 71GRP(12,1 = 41GRP(12,2 = 81GRP(13,1 = 91 GRP(13,2 = 131GRPC14,1 = 101 GRP(14,2 = 141GRP(15,1 = 111GRP(15,2 = 151GRP(16,1 = 121GRP(16,2 = 161 GRP( 17, 1 = 11GRP(17,2 = 31GRP(18,1 = 2l*GRP( 18,2 = 41GRP(19,1 = 51GRP(19,2 = 71GRP(20,1 = 61GRP(20,2 = 81 GRP( 21,1 = 91GRP(21,2 = 111GRP(22,1 = 101GRP(22,2 = 121GRP(23, ) = 131GRP(23,2 = 151GRP(24,1 = 141GRP(24,2 = 161 GRP( 25, 1 = 11GRPC 25,2 = 21GRP(26,1 = 31GRP(26,2 = 4I GRPC 27, 1 ) = 51 GRP( 27, 2 = 61GRPC 28,1 = 71GRPC 28,2 = 81GRPC 29,1 = 9IGRPC 29,2 = 101GRPC 30,1 = 111GRPC 30,2 = 121GRPC 31,1 = 13
100
COMPUTER PROGRAM (continued)
IGRP(31,2) = U IGRP(32,1)=15 IGRP(32/ 2)=16 I TY=15 READ(2,1)J,K,L,M,RES 1 FORMAT(*0 1, 35X, LF6 . 0 )LAST CARD HAS 3 PUNCH CC 1. 1ST TEST FOR LAST CARD IF(J-3)10,100,100 10 INDEX=0GO TO (15,16 ),M16 INDEX=INDEX+1 15 INDEX=INDEX+1GO TO (17,18 ) , L18 INDEX=I NDEX+217 GO TO ( 19,20),K20 INDEX=INDEX+A19 GO TO (21,22 ) , J 22 INDEX =INDEX+821 I=INDEXDO 85 IA=l,LSUMX(I)=SUMX(I) + RES( I A)N( I) = N(I)+lSUMX2(I )=SUMX2(I) + RES(IA)*RES(IA)1=1+16 GO TO 5BRANCH TO 100 AFTER LAST CARD HAS BEEN READ.
DO 150 IA = 1,1»DO U8 I B=l, 16 
J=I+ IBCALL STDEV(SUMX(J ) ,SUMX2(J),N(J),S AN=N(J)SE(J )=SIGMA(J) / (SQRT(AN))1=1+16 CONTINUE I =-16WRITE RESULTS (N,MEAN, SD, SE, ) FOR MG, CA, NA, K 
DO 200 IA=1R?UP' /5X/ ' N' /9X/ 'MEAN' / 12X/ 'SD',13X, 'SE' )
GO TO (151,i52,153,15U),IA WRITE(1,2)FORMAT( / / //25X,'MAGNESIUM')WRITE(1, 556)GO TO 155 WRITE (1,3)FORMAT( / / / / 25X,'CALCIUM')WRITE(1, 556 )GO TO 155 WRITE (1,10FORMAT(////25X,'SODIUM')WRITE(1,556)GO TO 155
85
100
IGMA(J),M EAN(J ))
11*8
150
556
151
2
1523
153
k
101
154 WRITE (1,555)555 FORMAT(////25X,1 POTASS IUM *) WRITE(1,556)155 1=1+16 DO 200 16=1/16
COMPUTER PROGRAM ( continued )
J=1+1BWR 1 TE(1/ 6) 1 B/ N(J ) /MEANC J ) /6 FORMATC//14/4X/I3/4X/F10.2200 CONTINUEC T TEST GROUPS7 FORMATC//'GROUP'/5X/'MEAN'1'MEAN' / 15X/'T')1 =-16DO 500 IC=l/4GO TO (501/502/503/504)/1C501 WRITE (1/2)WRITEC1/7)GO TO 505502 WRITE Cl/3)WRITEC1/7)GO TO 505503 WRITE (1/4)WRI TEC 1/7)GO TO 505504 WRITE (1/555)WRITE(1/7)
5051 = 1 + 1 6  I F = -8DO 500 ID=l/4 IF=IF+8GO TOC601,602/603/ 604)/ ID601 WRITE(ITY/605)605 FORMAT( / / 25X/*DIET')GO TO 620602 WRI TEC ITY/606)606 FORMAT( / / 25X/1 EVERS ION')GO TO 620603 WRITEC ITY/607)607 FORMATC//25X/'AREA')GO TO 620604 WRITECITY/608)608 FORMATC//25X/'METABOLISM')620 DO 500 IE=1/8IG=IF+ I E I A= I + I GRPC I G/ 1)I B= 1 + I GRPC IG/2) igALL TESTTCMEAHCI A)/MEAN( IB) ,SIGMACIA)/SIGMACIB)/
WRITEC 1/8)IGRPCIG,1)/MEAN( I A)/ IGRPCIG/2)/MEANCIB),T 
500 cONTtNUE4/1X/F1° ‘2/9X/ U ' 1X' F10*2/SX/F10,Jt)
TABLE XXII. STATISTICAL DATA FOR MAGNESIUM
MAGNES I UMTABLE XXII
GROUP N MEAN SD SE
1 6 1*6.40 5.4173 2.2116
2 6 47.43 11.8692 4.8456
3 6 47.93 6.9850 2 .8516
I* 6 41.18 6.8845
*•»+ V# m* miL V
2.8106
5 6 43.51 5.0218 7 . n ^  n i
6 6 37.71 7.4893 3.0575
7 12 40.68 8.5682 2.4734
8 6 41.08 5.9613 2.4337
9 10 43.32 3.6711 1 i f n qX » X u u J
10 6 40.55 8.7919 3.5892
11 6 57.01 11.6339 4.7495
12 6 59.60 12.5857 5.1380
13 6 42.54 8.7250 3.5620
l i t 6 39.72 5.9750 2.4392
15 10 38.43 11.1675 3.5314
16 10 38.29 5.4764 1.7317
TABLE XXIII. STATISTICAL DATA FOR CALCIUM
104
CALCIUMTABLE XXIII
GROUP N MEAN SD SE
1 6 98.59 11.6211 4.7442
2 6 81.36 19.6332 8.0152
3 6 50.28 14.7459 r . n ? n n
4 6 88.90 14.2826 5.8308
5 6 70.48 17.2356 7.0364
6 6 79.84 8.4363 3.4441
7 12 62.54 26.1745 7.5559
8 6 92.01 20.0490 8.1850
9 10 57.76 23.7782 7.5193
10 6 85.71 15.9999 6.5319
11 6 68. 78 21.8026 8.9009
12 6 120.54 19.0916 7.7941
13 6 70.08 7.6283 3.1142
14 6 84.38 29.1340
—' • J- t c.
11.8939
15 10 58.97 15.8352 5.0075
10 37.21 23.3787 7.3930
TABLE XXIV. STATISTICAL DATA FOR SODIUM
105TABLE XXIV 
GROUP N
SODIUM
MEAN SD SE
100.22371 6 1451.45 245.4970
2 6 1522.33 419.6856 171.3359
3 6 1201.58 129.5345 52.8822
4 6 1737.48 265.1068 108.2293
5 6 1088.50 285.8237 116.6870
6 6 1492.66 240.1133 98.0258
7 12 1140.12 223.0585 64.3914
8 6 1839.00 416.3488 169.9737
9 10 1112.90 371.6154 117.5151
10 6 2528.50 206.8816 84.4590
11 6 1392.00 128.1795 52.3290
12 6 2668.33 767.2653 313.2348
13 6 1070.66 132.8653 54.2420
14 6 1659.66 327.3481 133. 6393 gj
15 10 1099.16 188.7002 59.6722
16 10 1987.60 317.8259 100.5054
TABLE XXV. STATISTICAL DATA FOR POTASSIUM
POTASSIUM
GROUP N MEAN SD SE
1 6 157.50 40.4808 16.5262
2 6 70.51 9.9989 4.0820
3 6 215.67 26.9923 11.0195
 ^ 6 77.79 15.9552 6.5136
5 6 124.18 19.3781 7. 9110
6 6 65.98 14.2359 5.8118
7 I2 167.50 51.2602 14.7975
8 6 66.29 17.1744 7.0114
9 10 140.04 47.1863 14.9217
10 6 95.96 9.2903 3.7927
11 6 213.28 19.5345 7.9749
12 6 71.38 20.3586 8.3113
13 6 213.86 45.5207 18.5837
1 ‘* 6 46.68 16.3703 6.6831
15 10 252.25 22.0822 6.9830
16 10 63.67 21.0356 6.6520
TABLE XXV
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TABLE XXVI
ANALYSIS OP STATISTICAL DATA FOR MAGNESIUM UNDER
GROUP MEAN
1 46.402 47.433 47.934 41.18
5 43.516 37.717 40.688 41.08
1 46.402 47.433 47.934 41.189 43.3210 40.5511 57.0112 59.60
1 46.402 47.435 43.516 37. 719 43.3210 40.5513 42.5414 39.72
1 46.403 47.935 43.517 40.689 43.3211 57.0113 42.5415 38.43
MAGNESIIUM
GROUP MEAN T
DIET9 43. 32 1.233010 40.55 1.140111 57.01 1.638712 59.60 3.145413 42.54 0.235614 39.72 0.513415 38.43 0.521716 38.29 0.9328
tVtKo1 UN5 43.51 0.95946 37. 71 1.69587 40.68 1.91948 41.08 0.026813 42.54 0.208614 39.72 0.192015 38.43 3.138116 38.29 3.9298
AREA3 47.93 0.42214 41.18 1.11577 40.68 0.88068 41.08 0.8615i i 57.01 2.798212 59.60 3.038915 38.43 0.819416 38.29 0.4773
METABOLISM2 47.43 0.19214 41.18 1.68586 37.71 1.57558 41.08 0.114010 40.55 0.734712 59.60 0.370614 39.72 0.653916 38.29 0.0358
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TABLE XXVII
ANALYSIS OF STATISTICAL DATA FOR CALCIUM UNDER 
EACH EXPERIMENTAL CONDITION
CALCIUM
GROUP MEAN GROUP MEAN
DIET98.59 9 57.76
2 81.36 10 85.713 50.28 11 68. 78
k_ 88.90 12 120.51*5 70.1*8 13 70.086 79.81* 11* 81*. 387 62.51* 15 5 8 . 9 7I 8 92.01 16 87.21
} EVERSIONi J 98.59 5 70.1*82 81.36 6 79 .81*3 50.28 7 62.51*1* 88.90 8 92.019 57. 76 13 70.0810 85.71 11* 81*.38-I * 68.78 15 58. 9712 120. 51* 16 87.21
! AREA: i 98.59 3 50. 28
2 81.36 I* 88.9070.1*8 7 62.51*1 6 79.81* 8 92. 019 57.76 11 68. 7810 85.71 12 120.51*13 70.08 15 58.9714 81*. 38 16 87.21
METABO L1 Sfl1 98.59 2 81. 363 50.28 1* 88.905 70.1*8 6 79.81*7 62.51* 8 92.019 57. 76 10 85.7111 68. 78 12 120.51*1 3 70.08 11* 81*.3815 58.97 16 87.21
i*. 592i* 0.1*208 1.7211 3.2505 0.0522 0.3659 0.3938 0.1*351*
3.3125 0.1738 1.2686 0.3097 
1.5131* 0.0985 0. 9601* 3.1021*
6.30260.76050.76901.37020.91*553.1*21*61.88370.2023
1.81*97 1*. 6078 1.1956 2. 61*60 2.8065 I*.3751 1.1630 3.1629
109
TABLE XXVIII 
ANALYSIS OP STATISTICAL BATA FOR SODIUM UNDER 
EACH EXPERIMENTAL CONDITION
SOD IUM
GROUP
1
234
5
67
8
MEAN
1451.451522.331201.581737.481088.501492.661140.121839.00
GROUP MEAN T
DIET9 1112.90 2.192010 2528.50 5.267211 1392.00 2.559412 2668.33 2.808713 1070.66 0.138514 1659.66 1.007615 1099.16 0.466416 1987.60 0.7525
EVERS 11 1451.45 52 1522.33 63 1201.53 74 1737.48 89 1112.90 1310 2528.50 1411 1392.00 1512 2668.33 16
AREA1 1451.45 32 1522.33 45 1088.50 76 1492.66 89 1112.90 1110 2528.50 1213 1070.66 1514 1659.66 16
1 1451.45 METABO23 1201.58 45 1088.50 67 1140.12 89 1112.90 1011 1392.00 1213 1070.66 1415 1099.16 16
ION1088.50 2.35961492.66 0.15021140.12 0.73761839.00 0.50371070.66 0.32631659.66 5.49571099.16 3.68951987.60 2.0693
1201.581737.481140.121839.00
2.2050 1.0616 0.3873 1.76501392.00 2.16962668.33 0.43101099.16 0.35341987.60 1.9611
.ISM1522.33 0.35701737.48 4.44881492.66 2.65201839.00 3.84502528.50 9.78182668.33 4.01891659.66 4.08381987.60 7.6008
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TABLE XXIX
ANALYSIS OP STATISTICAL DATA FOR POTASSIUM UNDER 
EACH EXPERIMENTAL CONDITION
POTASS 1UM
GROUP MEAN GROUP MEAN T
DIET
1 157.50 9 140.04 0.7840
1 2
70.51 10 95. 96 4.56683 215.67 11 213.28 0.17594 77.79 12 71.38 0.60635 124.18 13 213.86 4.4403
5 65.98 14 46.68 2.1783167.50 15 252.25 5.1795
8 66.29 16 63.67 0.2717
EVERS ION
1 157.50 5 124.18 1.8188
2 70.51 6 65.98 0.6387
3 215.67 7 167.50 2.6108
J 77.79 8 66.29 1.20099 140.04 13 213.86 3.0972
10 95.96 14 46.68 6.4125
11 213.28 15 252.25 3.6768
12
1]
71.38 16 63.67 0.7248
AREA
1 157.50 3 215.67 2.9284
2 70.51 4 77.79 0.94615 rn.is 7 167.50 2.5819
6 65.98 8 66.29 0.03479 140.04 11 213.28 4.3284
10 95.96 12 71.38 2.690113 213.86 15 252.25 1.933814 46.68 16 6 3.67 1.8011
METABOLISM
1 157.50 2 70.513 215.67 4 77.795 124.18 6 65.987 167.50 8 66.299 140.04 10 95.96
11 213.28 12 71.3813 213.86 14 46.6815 252.25 16 63.67
5.1100
10.7714
5.9288
6.1807
2.8632
12.3185
8.4650
19.5539
